It is widely recognized that forests should be managed inter alia for the provision of timber, biomass for energy, bio-chemicals, biological diversity, carbon storage, water purification, outdoor recreation and other ecosystem services. Forest operations are the most costly part of forest management and at the same time can be traced to most of the negative externalities on the environment often with strong visual impacts, especially in steep terrain. This paper reviews emerging technology-based engineering solutions that may reduce the impact of forest operations on the environment while increasing the efficiency of operations resulting in an overall higher level of forest ecosystem service provision. Advances in forest machine control and automation systems, and the availability of remotely-sensed high resolution data now provide considerable potential to improve the management and precision of forest operations. Improved planning procedures and more precise operations offer a considerable opportunity for mitigating environmental damage. Accurate positioning of operations machinery allows for the generation
Introduction
Norway has an area of 8.2 million ha of productive forest [1] and a low population density (14 people per km 2 ), and has similar expectations for the provision of ecosystems services from forests as do highly populated countries like Germany (230 people per km 2 ) and France (121 people per km 2 ) [2] . A recent report commissioned by the Norwegian Ministry of the Environment emphasises the importance of forests managed inter alia for the provision of timber, biomass for energy, bio-chemicals, biological diversity, carbon storage, water purification and outdoor recreation [3] . These expectations with regard to forest based services are not unique to Norway, but are in fact universal [4] .
Primary energy supply and land use scenarios envisage a future that is more heavily reliant on terrestrial ecosystems to supply food, fiber, and energy [5, 6] . The scale of the transformation challenge is enormous in a world where land resources are already scarce [7] . It is widely recognized that an increased reliance on forest for the provision of fiber will pose a threat to biodiversity and other ecosystem services [8] . Besides, an active and profitable Norwegian forest sector with a competitive forest industry is essential for rural development in large parts of the country [9] . The government intends to strengthen the value-adding capability of the forestry sector, with the goal of mobilizing resources for commercial development and climate change mitigation [9] . The current annual volume of roundwood sales in Norway is about 9 mill m 3 but an annual growth of almost three times that indicates a significant potential for increased procurement of Norwegian forest fiber [1] .
Norway has a high-cost society and the forest sector is struggling to stay competitive in the global market. Despite phenomenal efficiency gains over the past half-century, logging remains the most cost intensive part of forest management [10] . Forest operations are not only costly, they also cause the largest negative externalities on the environment and have the strongest visual impact [11] , especially in steep terrain. The public debate related to the environmental impact of forestry is intense. As observed in other parts of the world, this poses a threat to the social license to practice [12] leading to political and public resistance towards further development of the forest-based bio-economy. Hence, when considering the development of the Norwegian forest sector as an economic, social and environmentally sustainable pillar of the bio-economy, a strong emphasis should be placed on the economic and environmental efficiency of harvesting operations. Environmental efficiency comes about through minimizing environmental damage for a given production output. However, environmental efficiency studies are virtually non-existent in forestry, but are more common in agricultural production settings [13] [14] [15] .
Forest engineering, applied as a professional scientific discipline, involves both developing and maintaining the infrastructure necessary in accessing forests for any purpose, as well as designing tools, machines, machine systems and work methods for carrying out forest management tasks. Forest engineering, as a sub-discipline of environmental engineering, and the way in which it is practiced, is therefore central to any debate regarding the goods and services produced on forest land. The two leading forest certification schemes in Norway; the Forest Stewardship Council (FSC) [16] and the Programme for the Endorsement of Forest Certification (PEFC) [17] have developed a set of sustainability indicators that include elements related to forest operations. The Norwegian association of heavy equipment contractors (MEF), which includes timber harvesting contractors, are full members of PEFC, and their members are therefore obliged to follow the guideline set by the PEFC 'Living Forest Standard' which was drafted by a range of organisations representing outdoor recreation, forest owners, the Norwegian biodiversity network, industrial associations, and WWF Norway [18] . The standard states that the harvesting potential should be exploited within a framework set by economic, biodiversity and other environmental considerations and values. In addition the standard maintains that a higher share of selection cutting should be carried out through thinning, and the selection of harvesting methods and the implementation of the harvest should be adapted to local conditions, maintain local environmental qualities, take due consideration of the landscape and ensure conditions for satisfactory regeneration with species suited to the local growing area [18] .
Issues of direct relevance to the way forest operations are carried are:
• Requirements on the workforce and their qualifications: Training courses run continuously at the Norwegian Forestry Extension Institute and skill development in steep terrain logging documented through research [19, 20] .
• Waste management, here especially engine and hydraulic oil, spares, steel cable, chains etc., as well as a requirement to use the best available technology (BAT).
• Key habitats: The management of at least 5% of productive forest as areas of ecological importance, requiring the documentation and registration of these areas. With regard to mountain forests, the standard requires that the harvesting methods for spruce must follow the "mountain forest selection cutting system" as far as possible. Small-scale clear-cutting and smaller seed tree stand felling should be used as far as possible to promote regeneration in the pine forest. The importance of protection forests against landslides in this area has recently been addressed [21] .
• Outdoor recreation: Forest management activities must consider maintaining the quality of outdoor experiences, especially along hiking and skiing trails. All commercial activity in forest areas must be conducted in such a way that the de facto content of the right of unimpeded access is maintained.
Wheel tracks that cause water runoff and erosion, transport damage to hiking and ski trails and other significant damage must be repaired as soon as moisture conditions permit once the extraction trail is no longer in use. Excessive wheel rutting ( Figure 2 , right) and the placement of harvesting residues are two of the most common problems experienced by forest visitors. While the Norwegian forest sector is appreciably smaller than those of neighbouring Sweden and Finland (which harvest around 80 and 70 million m 3 a −1 respectively), much of the forest area is found in steep, difficult, or highly susceptible terrain, providing a challenge to forest engineering in suggesting environmentally acceptable solutions. This paper builds on the hypothesis that environmental damage directly or indirectly impairs the capacity of the forest to provide the ecosystems services desired by society. Only the most obvious physical forms of environmental or ecological damage are included in this paper, and these are categorised below as a frame of reference:
• Efficiency of resource utilisation and damage to key woodland habitats • Soil and Water: rutting, compaction, surface and gulley erosion, turbidity and sedimentation • Aesthetic and cultural heritage impacts, as well as impacts on the recreational use of forests
The paper focuses on a review of emerging technology-based solutions that may reduce the impact of forest operations on the environment while increasing the efficiency of operations. Hence, the paper does not address issues around changes to ecosystem functionality, neither does it consider water table fluctuations or influences on bio-geochemical cycles (including carbon fluxes) from the utilisation of various tree parts or harvesting regimes.
Key Organisational and Technical Advances Available to the Forest Operations Manager
Advances in forest machine control and automation systems, and the availability of remotely-sensed high resolution data now provide considerable potential to improve the management and precision of forest operations [22] . Improved planning procedures, and more precise operations offer a considerable opportunity for mitigating environmental damage. The utilization, productivity and economic efficiency of forest machines, and meeting of specific product orders, is fully dependent on planning both within and between stands [23] . The direct cost of relocation alone can account for 10% of the harvesting price [24] , which could be reduced through improved scheduling [23, 25] . In scheduling, machines can be ranked and allocated to stands on a broad range of environmental and performance criteria, including the interacting relationships of harvest season, soil texture, bulk density, surface soil strength and position in the landscape [26] . Furthermore, planning a harvest sequence at a landscape level with the inclusion of adjacency constraints, can reduce visual impact, erosion, landslide or avalanche danger, and enhance biodiversity [27] . However, advances in planning are wholly reliant on technical developments that are able to capture or convert large amounts of data into improved operational information. The following subsections will attempt to demonstrate the importance of the data collected and highlight applications of this data in emerging research.
Efficient Resource Utilisation and Avoidance of Damage to Key Woodland Habitats
Forest machine performance can be captured continuously using a combination of on-board productivity monitoring systems, including the StanForD data management system [28] , CAN-bus machine performance data, and external sensor data [29, 30] .
Accurate positioning of base machines allows for the generation of automated warnings in the case of transgressing property or key habitat boundaries, and also allows for machines to accurately log information on residual trees or other important sites or cultural heritage vestiges identified during harvesting. Accurate positioning of forest machines on steep slopes of fjords at high northern latitudes remains a significant challenge in carrying out precision forestry operations as both the azimuth and limited time windows for satellite connection present difficulties. Global Navigation Satellite System (GNSS) information can be enhanced with terrain surface information [31] , and possibly supplemented with other positioning techniques such as laser [32] or visual telemetry based solutions [33] , simultaneous location and mapping (SLAM) [34] , and inertial navigation systems (INS) [35] .
Terrain and tree size and species distributions have the largest effect on productivity [36] and can now be remotely assessed through airborne laser scanning (ALS). Stand-level bucking, which allows for detailed product recovery to be calculated from ALS data provides for a more accurate selection of stands for harvesting, both in time and space [37] , and could therefore be an important parameter in future studies on environmental efficiency, where a detailed product output portfolio could be held up against an index of anticipated environmental damage [14] . The inclusion of stand level bucking prognoses from terrestrial scanning [38] or from inventory data, in completely new approaches to tactical planning [39, 40] potentially represents an important shift toward value maximization planning. As bucking patterns both strongly affect production [41] and transport costs and energy consumption [42] , they play an important role in the entire procurement system [43] . The development of more agile, value maximizing supply chains could play an important role in revitalizing an economically and environmentally efficient Norwegian timber harvesting sector.
Soil and Water
Forests in wetter climates provide a stabilizing buffer in the hydrological cycle, reducing surface run-off and its associated erosional energy [44] , regulating release to waterways [45] and promoting percolation of uncontaminated water to aquifers, as forest soils are generally subjected to fewer or no chemicals or fertilizers [46] . Impacts on soil and water related to forest engineering largely arise from both the construction and maintenance of forest infrastructure and from machinery in the harvesting and extraction of timber. With regard to forest roads, the Norwegian Ministry of Environment (MoE) report on Ecosystems Services [3] highlights one of many ecosystem service trade-off dilemmas arising from joint ambitions of utilisation and protection, as the encroachment of roads is criticised as being detrimental to biodiversity and the wilderness experience through forest segmentation on the one hand, while their absolute necessity in facilitating a rational utilisation of forest products, as well as the access they provide to the recreational use of forests and mountain rangelands above the forest line is highlighted on the other.
The Norwegian forest road network remains sparse in relation to comparable countries, and is generally below 10 m ha −1 , with only 3-5 m ha −1 in the steep terrain in the coastal area. In total, some 400 000 ha of mature timber are located more than 2 km from a forest road, 728 000 ha between 1 and 2 km, and 782 000 ha between 500 m and 1 km from a road [1] .As road transport is at least 20 times more efficient than terrain transport [47] there is a strong incentive to expand the forest road network. The use of modern technology such ALS data help with detailed planning of forest roads, ensuring that they are as environmentally benign as possible. Examples of this are given by Aruga et al [48] , who minimize sedimentation through improved road design, and Contreras et al [49] who apply road design geometry to an ALS derived DEM in estimating earthwork requirements. Related work employing ALS includes the mapping of gullies and headwater streams [50] and the estimation of gully erosion [51] . In Norway, increased rainfall intensity and magnitude has resulted in a recent revision of the forest road construction standards, stipulating amongst other things, changes to the frequency and dimension of drains [52] .
As forests on the Norwegian west coast constitute an area of high rainfall (>2000 mm a −1 ) with steep terrain (15 million m 3 of mature timber on slopes over 50% [1] and a low forest road network, they simultaneously offer a wide range of ecosystems services and are themselves highly susceptible to inadvertent damage through harvesting practices. Access to these stands is gained either by the construction of temporary skid trails which allow access to ground based fully mechanized systems (harvester-forwarder) (Figure 1, left) or by cable-yarders specially constructed on terrain-going base machines enabling them to work at some distance from a forest road (Figure 1, right) . While cable-yarders minimise impact to the slope by partially suspending the trees during extraction, skid trail construction is a matter of some environmental concern [53] and a novel method of monitoring the extent of soil displacement arising from it has recently been tested in this area using drones [54] . Skid trails can be de-activated through a number of means with varying results [55, 56] and at various costs [57] , although a reduced need for a skid trails in conjunction with improved planning procedures is the preferable option [58] . Norway is renowned for its salmonid populations, which are associated with almost all the country's watersheds. Some 330 tonnes of wild salmon, sea trout and migratory char were caught by recreational anglers in 2013 [59] , making fishing a significant contributor to the nature-based tourism portfolio. Sediment from forest roads and forest operations is known to impact on salmon populations through the silting of spawning beds [60] .
Terrain models derived from ALS data have been shown to be useful in locating effective extraction trails [58] or timber landings [61] , thereby increasing efficiency and reducing both site impact like rutting and compaction [62] as well as emissions [63] arising from unnecessary terrain transport. Detailed surface features not distinguishable from ALS data with a resolution of 2-5 points m −2 need to be quantified with specialized sensors, e.g. monitoring pitch and roll [64, 65] , or can also be assessed post-harvest using drone based photogrammetry [54] . Tracks fitted to the bogie wheels increase machine flotation and reduce soil disturbance [62] . Apart from correct tire selection and inflation [66] , recent engineering attempts at further reducing the impact include an extension of the length of the bogie axle itself [67] and adding another wheel set to the machine [68] .
While technical developments provide essential tools for mitigating environmental damage, operator effect has been shown to explain up to 37% of productivity variance between machines [69] and is likely to account for an even larger share of site damage, although this has not been quantified. Estimates of the overall magnitude of the operator effect have improved through more specific analyses [70, 71] , but the absence of explanatory factors detailing this effect represents a knowledge gap which will need to be addressed in minimizing the environmental impact of heavy forest machinery.
Aesthetic and Cultural Heritage Impacts, as well as Impacts on the Recreational Use of Forests
There has been some activity in remotely detecting and mapping cultural and environmental parameters. For cultural parameters, the use of ALS to detect archeological features in forests has led to considerable increase in the detection of important features [72] . Harvesters and Forwarders are equipped with monitors running mapping applications, where most are issued with layers representing the harvesting site, location of retention trees, or other areas that must be avoided. Cultural heritage sites are generally included in the information provided to the machine operator. However, the effectiveness of the approach is dependent on the accuracy of the GPS signal, and the detection of archeological features needs to be complemented with machine-mounted sensors to avoid damage to cultural heritage sites. While there is broad agreement that the spatial configurations and properties of the landscape interact with each other [73] , research work on internalizing the effect and monetary value of aesthetics has been limited in recent decades. A review of over 30 years of research considering the public preferences for forest structures, showed that people valued stands with a mixture of trees of different sizes and that larger clear cuts and obvious traces from forest operations were not appreciated [74] . However, while steep terrain harvesting is highly visible from a distance ( Figure 3 ) the same study did point out that recreational tourists in the forest did appreciate openings that provided scenic views. Other studies describe the importance of both forest and individual trees that provide environmental services from a symbolic, cultural or spiritual perspective [75] . The fact that the retention of selected trees is also an important conservation measure in managed forests [76] re-emphasizes the need to apply precision forestry techniques, especially with regard to machine positioning and single tree management.
Outdoor recreation is an important part of the tourism industry in rural Norway, and can primarily be categorised as: freshwater fishing, hunting, backcountry hiking and skiing, and adventure activities [77] . Forest operations, especially wheel rutting, piling of harvesting slash and damage, or the closure of access roads can impede access to the area or detract from the backcountry experience, and are specifically highlighted in the 'Living Forests' standard [18] . Knock-on effects, such as a downturn in salmonid populations due to sedimentation of headwaters, can also have serious consequences for the nature-based tourism industry [60] . But while all Nordic countries do have specifically focused strategies or programs for outdoor recreation and nature-based tourism, there are currently no good indicators for a sustainable recreational use of forests or other natural resources [78] . However, some of these indicators could be recorded by the machines themselves. Data systems (CAN-bus) on modern mechanised harvesting systems provide the capability to estimate wheel rutting through rolling resistance [29] and when augmented by sensors such as laser rut measurement systems (LRMS) and enhanced machine positioning could ultimately provide detailed maps of soil impact for amelioration or monitoring. Finally, improved data and techniques for multicriteria harvesting planning, which takes into account edaphic, biological, hydrological and stakeholder information offers forest operations managers with a holistic management tool for largely avoiding both environmental and societal conflict while meeting economic goals [79] .
Concluding Remarks
The availability of high resolution environmental data have become commonplace, as have a plethora of low-cost, rugged sensors that can provide visual, metric, chemical and positional data pertaining to the machines and their specific operations. Access to high precision geological and topographic maps provide operation managers at all levels with detailed information which can be used in avoiding damage to the forest. The use of drones and close range photogrammetry from consumer grade cameras allow for threedimensional data to be captured and used for monitoring, for compliance with certification standards. Improved positioning systems can both provide the machine operator with information on what to cut and what to avoid, but also to flag waypoints indicating special areas of interest discovered during harvesting. New regulations on road construction and maintenance take regard for a changing climate with more intense precipitation and ensure that water is not channelled in a way that leads to landslides or other large scale damage. Forest machines fitted with high flotation tracks provide improved access but still exceed the bearing capacity of soils in an increasingly milder winter climate. The potential for monitoring environmental performance with machine-mounted sensors is at a very early stage, but it is expected to improve rapidly as low cost sensors become commonly available, allowing for remote 3 rd party assessment of compliance with environmental standards. Ultimately, it is the machine operator who has the final capability to assess the situation in forest stands, and the responsibility to make the correct decision both with regard to the working method and the eventual suspension of operations in situations where damage to the forest obviously exceeds what could be called the social norm among professional forest engineers.
